Extracellular protease and lipase production by psychrotrophic strains of Pseudomonas fluorescens is repressed by iron and regulated by temperature. The regulation of protease and lipase has been investigated in P. fluorescens B52. Whereas lipase production is increased below the optimum growth temperature (' low-temperature regulation '), protease production was relatively constant and only decreased above the optimum growth temperature. The genes encoding protease (aprX) and lipase (lipA) are encoded at opposite ends of a contiguous set of genes which also includes protease inhibitor, Type I secretion functions and two autotransporter proteins. Evidence is presented indicating that these genes constitute an operon, with a promoter adjacent to aprX which has been identified by S1 nuclease analysis. The regulation of aprX and lipA has been investigated at the RNA level and using lacZ fusion strains. Whereas the data are consistent with iron regulation at the transcriptional level, a lipA'-'lacZ fusion is not regulated by temperature, suggesting that temperature regulation is post-transcriptional or post-translational. The possibility of regulation at the level of mRNA decay is discussed.
INTRODUCTION
The production of lipase and protease by psychrotrophic strains of Pseudomonas fluorescens has been studied for many years due to the importance of these enzyme activities in food spoilage at low temperatures (McKellar, 1989) . Such studies have demonstrated that protease and lipase production are regulated by temperature and by iron levels (Andersson, 1980 ; . It has been demonstrated that at least two strains of P. fluorescens (B52 and LS107d2) secrete only a single detectable lipase of approximately 52 kDa, since site-specific mutants are phenotypically lipase negative and this study) . The regulation of lipase production is of particular interest in that there is an inverse relationship between enzyme production and growth temperature in cultures growing in steady state (Andersson, 1980 ; Merieau et al., 1993) 
Abbreviation : ECF, extracytoplasmic function.
The GenBank accession numbers for the sequences reported in this paper are AF216700, AF216701 and AF216702. the lipase is stable following prolonged incubation at temperatures at which its production is not apparent, and is notably thermostable (Andersson, 1980 ; Andersson et al., 1979) . It has therefore been proposed that lipase production is regulated resulting in increased enzyme synthesis at low temperature. This ' low-temperature regulation ' is therefore in contrast to the increased production of enzyme synthesis at higher temperatures, ' thermoregulation ', often associated with pathogenesis (e.g. Falconi et al., 1998) . However, the mechanism of this form of temperature regulation, and its relationship to other regulatory mechanisms influencing lipase and protease synthesis, is unknown.
In this report we present a phenotypic and molecular study of the operon which encodes lipase and an analysis of its regulation by temperature.
METHODS
Bacterial strains and growth conditions. Escherichia coli strains TGI or S17.1λpir (Penfold & Pemberton, 1992 ) cells were used for routine plasmid transformations and maintained in Luria-Bertani (LB) medium containing the appropriate 0002-4481 # 2001 SGM antibiotic (Sambrook et al., 1989) : ampicillin (100 µg ml − "); kanamycin (50 µg ml − ") or chloramphenicol (50 µg ml − "). P. fluorescens strain LS107d2 has been described previously (Johnson et al., 1992) . Lipase and protease activity profiles of P. fluorescens B52 (Richardson & Te Whaiti, 1978 ; Richardson, 1981) were performed on cultures grown in HEPES medium (2 mM HEPES, pH 7n0, 1 mM NH % Cl # , 0n1 mM CaCl # , 1 mM MgCl # and 0n5 % hydrolysed casein). The conditions for studying iron (FeCl $ ) regulation in HEPES basal medium were assessed. In the case of protease, repression occurred at a minimum concentration of 1 µM ; however, lipase production showed a more complex pattern with a requirement for iron of 2 µM and repression by 5-20 µM (data not shown). For the determination of lipolytic and proteolytic phenotypes this HEPES media was solidified with 1n5% bacteriological agar and contained 1 % (v\v) tributyrin or 2n5% (w\v) skimmed milk, respectively. Tributyrin media could be used for determination of the lipolytic phenotype since esterase activity is not apparent in B52, in contrast to strain LS107d2 see also Fig. 3 ).
DNA purification and sequencing. Genomic DNA was isolated using a genomic purification column (Qiagen) or by the method of Ausubel et al. (1987) . Plasmid DNA was isolated by the alkaline lysis method (Sambrook et al., 1989) . DNA cloning, ligations and transformations were essentially as described by Sambrook et al. (1989) . Nucleotide sequencing was carried out using the ABI PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit with AmpliTaq DNA Polymerase FS and a model 377 automated sequencer (Applied Biosystems).
Cloning of aprX and upstream lipA sequence. To isolate the metalloprotease gene from P. fluorescens B52, two primers, MU1 (5h-CGGAATTCACGAGATCGGCCATACC-3h) and MD2 (5h-GCGGATCCGTAGAGGATGTCGTTGC-3h), were used that correspond to conserved regions between the metalloprotease genes from Serratia marcescens (Nakahama et al., 1986) and Pseudomonas aeruginosa (Duong et al., 1992) . PCR using these primers and B52 genomic template gave a product of approximately 578 bp that was used as a probe to screen a B52 genomic ' mini-library ' derived by PstI cleavage. In brief, B52 genomic DNA (5 µg) was digested with PstI, electrophoresed on a 0n8 % Tris\borate\EDTA agarose gel and then probed with the 578 bp amplified fragment which revealed a 6 kb hybridizing fragment. DNA in this size range was extracted, ligated into pSK (Stratagene) and transformed into TG1. Recombinant colonies were then screened with the same probe and a recombinant with an insert size of 6 kb was isolated and called pRTMp11. To isolate a fragment containing upstream sequence of lipA from P. fluorescens LS107d2, pLAJ2 (containing the cloned LS107d2 lipA gene ; Johnson et al., 1992) was digested with EcoRI\SalI to produce a 400 bp fragment. This was then labelled with [α-$#P]dCTP using nick translation and used to probe an LS107d2 pHC79 cosmid library. A positive cosmid was identified (pHCB1) and found to contain a hybridizing 1n4 kb SalI fragment by Southern analysis (Sambrook et al., 1989) . This SalI fragment was subcloned into pSK and designated pSWB1. Isolation of lipA upstream sequence from strain B52 was obtained by screening a ' mini-library ' as described above, but using the 400 bp EcoRI-SalI fragment from pLAJ2. A recombinant with a 3 kb ApaI fragment was identified and designated pRW52. To isolate further upstream sequence, an ApaI-HindIII fragment from pRW52 (nt 0-451) was used to probe 5 µg HindIII-digested genomic B52 DNA. A recombinant with a " 6 kb HindIII insert was identified and designated pRW53.
Cloning of the secretion genes aprDEF. To isolate the secretion genes aprDEF, a genomic library of P. fluorescens B52 was made using λZap Express (Stratagene) and screened using an EcoRI-PstI labelled fragment from pRTMp11. A positive clone, designated p5232, with an insert size of " 3 kb was identified and sequence analysis confirmed the presence of the secretion genes aprDEF. To construct a single plasmid containing the aprX-inh-aprDEF genes, the 6 kb PstI insert from pRTMp11 (from within aprE to the upstream vector site) was cloned into PstI-cleaved p5232 ; the PstI digestion of p5232 removed the 2 kb fragment spanning the PstI site common to both plasmids (within aprE) and the upstream PstI site in the vector. Recombinants were identified in E. coli TG1 as protease-positive on skimmed milk media, and one was designated pRTM32. A 7 kb XhoI fragment from pRTM32, spanning aprX-inh-aprDEF to within prtA, was then cloned into alkaline phosphatase-treated SalI-cleaved pBBR1MCS (Kovach et al., 1994) ; recombinant clones, in each orientation with respect to the vector promoter, were confirmed by restriction analysis and used for complementation (see Results) ; one clone in the reverse orientation was designated pBBR1-32.
Transcription mapping. The aprX transcriptional start point was mapped using S1 nuclease protection. A 274 bp DNA fragment was derived by PCR ; two primers were used, PRTMA (5h-CGGATCCGTCACATTTTCGCTGCGG-3h) and PRTMB1 (3h-CTGGCACCGCCGTTGGACCTAGG-GC-5h), which annealed at aprX positions 157 to k139 and 87 to 104, respectively (position 1 being the A of the aprX ATG start codon) and which incorporated BamHI sites (underlined). The amplified fragment was cloned into the BamHI site of pSK and called pRTMAB. To amplify a $#P-labelled single stranded antisense probe, 150 pmol primer PRTMS1 (3h-CATACTGGCACCGCCGTTGGA-5h, nt 82-103) was used in a linear amplification using 2 µg pRTMAB, linearized at the SpeI site (located 5 bp 5h of the PRTMB1 BamHI site), as template. The PCR reaction, containing 62 µmol each of dATP, TTP and dGTP, 18 µmol dCTP, 3 µl [α-$#P]dCTP (10"% Bq mmol − " ; 370 Bq µl − ") and 2n5 U Taq DNA polymerase (Promega), was cycled under the following conditions : 96 mC for 40 s ; 50 mC for 40 s and 72 mC for 90 s, for a total of 40 cycles. The probe was purified by electrophoresis on a 6 % denaturing polyacrylamide gel, exposing to X-ray film and excising the appropriate band. The probe was eluted from the acrylamide gel slice by soaking in 300 µl elution buffer (0n5 M ammonium acetate, 1 mM EDTA and 0n2 % SDS) overnight at 37 mC, ethanol precipitated and dissolved in 100 µl H # O (DEPC treated) and stored at k20 mC until required. Total RNA (5 µg), purified as described by Aiba et al. (1981) , was mixed with the single-stranded antisense $#P-labelled probe, ethanol precipitated and resuspended in 10 µl hybridization buffer (80 % deionized formamide, 100 mM sodium citrate, pH 6n4, 300 mM sodium acetate, pH 6n4, 1 mM EDTA). Following a denaturation step of 95 mC for 10 min, the nucleic acids were hybridized for 3 h at 37 mC. The annealed RNA-DNA mix was then made up to 200 µl with 1iS1 nuclease buffer (Promega), 50 U S1 nuclease was added and the mixture was incubated at 37 mC for 3 h. The digested products were ethanol precipitated and resuspended in 8 µl gel loading buffer (95 % formamide, 20 mM EDTA, 0n05 % bromophenol blue and 0n05 % xylene cyanol FF). Typically, 2 µl was then electrophoresed on a 6 % denaturing polyacrylamide gel alongside dideoxy sequencing reactions (Sequenase kit ; USB) which incorporated [α-$#P]dCTP. The gel was dried and visualized by autoradiography.
Quantitation of aprX mRNA. To quantify the aprX message, RNA was subjected to S1 analysis (see above) and then electrophoresed on a 6 % polyacrylamide denaturing gel. The intensity of each band was then measured using a Personal Molecular Imager FX (Bio-Rad) using storage phosphor screens (Kodak) and Quantity One version 4.03 software.
Lipase and protease assays. A fluorimetric assay utilizing the substrate 4-methylumbelliferyl oleate (Roy, 1980 ; Stead, 1984) was used to measure lipase activity secreted during growth. Fluorescence was monitored in a luminescence spectrophotometer (2n5 nm slit widths ; excitation wavelength 339 nm and emission wavelength 444 nm). The reaction mixture contained between 10 and 100 µl culture supernatant, 45 µl 0n1 mmol CaCl # l − ", 300 µl 1 mmol 4-methylumbelliferyl oleate l −l made up to a total of 3 ml with 100 mmol Tris\HCl, pH 8n0, l − ". Units of activity are defined as pmol substrate hydrolysed min − ". The stability of lipase was measured essentially as described by Andersson (1980) except that kanamycin (100 µg ml − ") was used to prevent regrowth of cells. Protease assays were essentially by the method of Wassif et al. (1995) , utilizing the substrate azocasein. An azocasein (Sigma) solution (0n5%, w\v, in 2 mM CaCl # , 50 mM Tris\HCl, pH 8) was dissolved at 37 mC. Cultures to be assayed were pelleted by centrifugation and 50 µl supernatant was added to 450 µl azocasein solution. The reaction was incubated at 37 mC for 30 min and then terminated by the addition of 125 µl 15 % trichloroacetic acid. The sample was then centrifuged for 10 min at 14 000 g to pellet unhydrolysed azocasein and the A %%! of the supernatant determined. Units of activity are defined as ∆A %%! (30 min) − ". Assays were conducted in triplicate and varied by 2%.
Chromosomal insertional mutagenesis.
To construct an aprX insertion mutant, a 578 bp internal fragment of the aprX gene was generated by PCR using the primers MU1 and MD2, with MU1 incorporating an EcoRI restriction site and MD2 incorporating a BamHI site (see above), and P. fluorescens B52 genomic DNA as the template. The PCR product was then digested with BamHI\EcoRI and ligated into the multiple cloning site of the suicide vector pJP5603 (which encodes kanamycin resistance ; Penfold & Pemberton, 1992) . Following transformation into S17.1λpir the pJP5603 construct was transferred to P. fluorescens B52 by conjugation (Christopher & Franklin, 1985) . Kanamycin-resistant exconjugates, derived via a single crossover, were patched onto solid media containing 2n5 % skimmed milk to screen for a proteasenegative phenotype. One protease-negative exconjugate was purified and designated B52aprX : : pJPkan.
To construct a prtB insertion mutant, the 1910 bp ApaI-SalI fragment from pRW52 containing a HindIII site was ligated into pSK with a deleted HindIII site (pSK∆H). The chloramphenicol resistance cassette of pHP45Ω-Cm (Fellay et al., 1987) was excised with HindIII and ligated into the HindIII site of the cloned pSK insert. The pSK insert containing the chloramphenicol cassette was excised with SalI\KpnI and ligated into pJP5603. Chloramphenicol-resistant exconjugates were then screened on solid media containing kanamycin. Kanamycin-sensitive colonies were then retained as putatively due to a double cross-over event (allele replacement) with loss of pJP5603 and designated B52prtB ::cam. The identity of both aprX and prtB mutants were confirmed by restriction and Southern analysis of genomic DNA.
Chromosomal lacZ gene fusions. Homologous recombination and the suicide vector pJP5608, encoding tetracycline resistance (R. J. Penfold & J. M. Pemberton, personal communication), were used to create translational lipAh-hlacZ or aprXh-hlacZ gene fusions in the chromosome of P. fluorescens B52. pJP5608 constructs were made which contained a promoterless lacZ-kan cassette (Szabo et al., 1992) flanked at each end by either lipA or aprX sequence. In the case of lipA, the flanking regions were made as two overlapping PCR products with the first PCR product spanning the ATG start site using the two sets of primers shown below. The PCR incorporated an in-frame BamHI site where the PCR products overlapped and EcoRI sites at the extreme ends. Following amplification, the PCR products were digested with BamHI, ligated together, digested with EcoRI and then ligated into the EcoRI site of pSK∆B (pSK with a deleted BamHI site) and designated pSK∆BlipA. The lacZ-kan cassette was then excised from pLK (Szabo et al., 1992) with BamHI and ligated into the BamHI site of pSK∆BlipA. The lacZ-kan cassette flanked by the PCR products was then excised from pSK∆BlipA using EcoRI, inserted into the EcoRI site of pJP5608 and called pJP5608lipA. Construct pJP5608lipA was then delivered to the recipient via conjugation (Christopher & Franklin, 1985) . Exconjugates were selected on kanamycin and recombinants derived by a double crossover identified by screening for tetracycline sensitivity. One such strain was designated B52B.
In the case of aprX, a 770 bp SacII-HindIII fragment from pRTMp11, which encompassed 60 bp upstream of the aprX start codon was cloned into pSK. Two primer sets (shown below) were then used to amplify two overlapping PCR products. The PCR products were digested with BamHI, ligated together, digested with SacII\AccI (sites which were incorporated from the polylinker of pSK during amplification) and ligated into pSK∆B. The lacZ-kan cassette was then ligated into the BamHI site. The resulting lacZ-kan cassette, flanked by the aprX PCR products was then excised using SacI\KpnI (located within the second PCR product), ligated into SacI\KpnI sites of pJP5608 and called pJP5608aprX. This construct was delivered to the recipient via conjugation, exconjugates selected on kanamycin and recombinants derived by a double crossover identified by screening for tetracycline sensitivity ; one such recombinant was designated B52aprXh-hlacZ.
The primers used for these constructions were as follows (restriction sites are shown as a single underline for BamHI and double underline for EcoRI). lipA primers, set 1 : B5290, 5h-CGGAATTCTGCATGCCAGCTCCCACCG-3h, B5240, 5h-TGGCTCCCAAGGTTTTGCAACCTAGGCG-3h ; set 2 : LSWR2, 5h-GCGGATCCCGATGCCATGGCGATCACG-3h, B52500, 5h-GAACTAGTCGCTAGACGAGCCTTAAG GT-3h. aprX primers, set 1 : T3, 5h-ATTAACCCTCA-CTAAAG-3h, PRTMB1, 5h-CTGGCACCGCCGTTGGA CCTAGGGC-3h ; set 2 : T7, 5h-GATATCACTCAGCAT-AA-3h, PRTMB2 5h-CGGGATCCAATGGCAAACCGTC-CTT-3h.
The region encompassing the fusion junction was amplified from the genome and sequenced to confirm that both fusion types were in-frame. For the lipAh-hlacZ fusion, primer RWLZ50c, which annealed within lacZ, and primer D2300 (shown below), which annealed upstream of primer B5290, were used to amplify a region that overlapped the junction point. The PCR product was gel purified and sequenced. The aprXh-hlacZ fusion junction point was confirmed in the same way using primers RWLZ50c and PRTMA.
Primers used to amplify and sequence fusion junction points were as follows : RWLZ50c, 5h-ATTCAGGCTGCGCAA-CTGTT-3h, D2300, 5h-AGGCGACGCCGCCGCGCTCAA-AGGCCACGA-3h, PRTMA, 5h-CGGATCCGTCACATTT-TCGCTGCGG-3h. β-Galactosidase assays. These were as described by Miller (1972) . Assays were performed in duplicate and varied by 1n5 %. Cell extracts were made using the bacterial protein extraction reagent kit, B-PER (Pierce). The protein concentration of the extracts was determined by the method of Smith et al. (1985) .
RESULTS

Regulation of lipase and protease by temperature and iron concentration
We have compared the profile of lipase production with that of protease with respect to temperature (Fig. 1) . The production of maximal levels of lipase at temperatures below the optimum growth rate showed the ' classical ' pattern (Andersson, 1980) , with a level of activity " sixfold greater at 10-17 mC than at 27 mC, confirming the ' low-temperature regulation ' for strain B52. P. fluorescens B52 has an optimal growth temperature of 27 mC : this is higher than the strain used by Andersson (1980) which has an optimal growth temperature of 20 mC. This is not due to thermolability of lipase activity (see also Andersson, 1980 ), since we have determined that there is no detectable loss of lipase activity in culture supernatants when incubated at 30 mC for at least 30 h (see Methods ; data not shown).
The production of protease in the same culture showed a different pattern ; production was very similar at 17 and 27 mC, and only decreased when the growth rate (Jaeger et al., 1990 ) using a temperature of 27 mC ; the computed free energies of helix formation (kJ mol − 1 ) of A-E are k105, k50n6, k90, k191n2 and k132n2.
declined above 27 mC (see also . This differs from the pattern observed by Gugi et al. (1991) for P. fluorescens MF0 although, in this latter study, the difference in protease levels between 17 and 30 mC was only about twofold. We conclude that ' lowtemperature regulation ' in P. fluorescens B52 is exemplified by lipase production and that the decreased production of protease above the optimal growth temperature may be related to the decreased growth rate.
The apr-inh-prt-lip genes
The lipase-encoding gene (lipA) and its 5h flanking sequence was isolated from P. fluorescens B52 using the lipA gene from strain LS107d2 (Johnson et al., 1992) as a probe (see Methods). Sequencing of this region revealed an ORF immediately upstream with 58 % amino acid sequence similarity and 51 % identity to an autotransporter protein (SSP-H2) from S. marcescens. This ORF was designated prtB (see below and Fig. 2 ).
The gene encoding the metalloprotease of strain B52 was isolated by DNA amplification from genomic DNA using primers based on conserved regions amongst similar enzymes from P. aeruginosa and S. marcescens (see Methods). The sequence is 95 % identical to a subsequently isolated metalloprotease-encoding gene from a plant pathogenic strain of P. fluorescens, which contains the Type I secretion genes immediately downstream (Liao & McCallus, 1998) . Further sequence analysis and PCR amplification showed that homologous secretion genes are also located downstream of the metalloprotease gene of P. fluorescens B52 and we have hence retained the designation aprX (alkaline protease) for the metalloprotease gene and aprDEF for the secretion genes (see Fig. 2 ). Subsequent sequencing downstream and adjacent to aprDEF identified a second prt-like gene (prtA), followed by prtB and lipA, indi- cating that these genes (aprX-inh-aprDEF-prtAB-lipA) are contiguous in the genome. Following the completion of this analysis, a similar gene arrangement in another strain (P. fluorescens 33) has been reported (Kawai et al., 1999) . However, in P. fluorescens strain SIK W1, the equivalent gene arrangement (aprX-inh-aprDEF-lipA) does not include the prtAB genes (Ahn et al., 1999) . The aprX-lipA region is summarized in Fig. 2 . Also, in P. fluorescens LS107d2 (Johnson et al., 1992) , sequence analysis of the 1n4 kb upstream of lipA did not reveal either prtAB or aprDEF and Southern analysis revealed that prtB is absent from the genome (data not shown). The DNA clones encoding aprX and prtB were used to construct corresponding chromosomal insertion mutations (see Methods). The prtB ::cam mutant was not detectably altered in its protease production on skimmed milk media but is completely lipase deficient (Fig. 3a, b) . Enzymic assay of culture supernatant confirmed these observations (data not shown). We conclude, firstly, that prtB ::cam has a polar effect on lipA expression and that the lipA promoter is upstream of prtB. Secondly, although, by these criteria, PrtB does not possess detectable protease activity it may have specificity for an unknown substrate ; alternatively, it, and prtA, may be outer-membrane proteins, as suggested in the case of homologues in S. marcescens (Ohnishi et al., 1997) , with a primary role other than proteolysis of exogenous substrates. The aprX : : pJPkan mutant, derived by a single crossover event (see Methods) was phenotypically proteasenegative on skimmed milk media and had visibly lower lipase activity (Fig. 3a, b) . Direct assay of culture supernatant confirmed the complete absence of protease activity, and the production of 10 % of the wild-type levels of lipase activity (data not shown). In contrast, an aprXh-hlacZ fusion strain generated by allele replacement (strain B52B ; see below and Methods) had a complete absence of lipase activity, as well as being protease deficient (Fig. 3a, b) . We conclude that mutation of aprX has a polar effect on the expression of lipA, consistent with the aprX-lipA region constituting an operon (see below). The low level of lipase activity in aprX : : pJPkan is presumed to derive from a vector promoter ; we therefore conclude that transcriptional readthrough of aprX to lipA does occur, which is also indicative of an operon, although some transcriptional attenuation is not excluded by this observation alone.
Evidence that the aprX-inh-aprDEF-prtAB-lipA genes constitute a single operon
The complete absence of lipase activity in the aprXh-hlacZ fusion strain, generated by allele replacement (strain B52B ; see above and Methods), could be due to a polar effect of this mutation on expression of the Type I secretion genes (aprDEF). This assumes that lipase is secreted via the aprDEF-encoded secretion apparatus for which there is evidence in an E. coli host (Kawai et al., 1999) . Alternatively (or in addition), the lipase-negative phenotype of aprXh-hlacZ may be due to a direct polar effect of this mutation on expression of lipA. This assumes that the aprX-lipA region constitutes a single operon with a single promoter upstream of aprX. To distinguish between these possibilities, we complemented the aprXh-hlacZ mutant strain with the secretion genes located on a plasmid. If the polar effect on lipase production is due solely to a secretion defect, then the complemented strain is predicted to be lipase proficient ; on the other hand, if a single promoter upstream of aprX (the aprX promoter, see below) is responsible for transcription, inclusive of lipA, then the complemented strain should remain lipase-negative. Accordingly, a derivative of pBBR1MCS, a broad-hostrange plasmid, containing aprX-inh-aprDEF was constructed (pBBR1-32 ; see Methods). When pBBR1-32 was transferred to B52aprXh-hlacZ, the resulting strain was protease-positive, consistent with the functionality of the secretion genes, and lipase-negative (Fig. 3c, d ). An identical result was obtained when an aprD insertion mutant (which is also protease and lipase-negative ; data σ factor binding consensus sequences (R l A or G) ; consensus (1), see Wosten (1998) ; consensus (2), see Sexton et al. (1996) . Underlined bases within the consensus sequences are present in the aprX sequence of B52.
not shown) was complemented with pBBR1-32. The secretion genes on pBBR1-32 also confer a proteasepositive phenotype on E. coli (see Methods) and complement an aprD mutant, providing additional evidence for their functionality. We conclude that the aprX-inh-aprDEF-prtAB-lipA genes constitute a single unit of transcription.
The aprX promoter
The aprX gene and the 5h untranslated region was isolated and used to map the transcriptional initiation site using S1 nuclease analysis (see Methods and Fig. 4a ). We presume that the triplet of protected fragments is most likely an artefact due to progressive digestion by the S1 nuclease, but could represent initiation at three consecutive nucleotides. Hence the larger fragment is suggested to represent the transcriptional start point, which is the same at 17, 27 and 31 mC (data not shown). Examination of the region immediately upstream of the transcriptional initiation site identified no immediately obvious sigma binding consensus sequences (Wosten, 1998) . To aid in defining putative promoter elements, the promoter region, as defined by the region upstream of the transcriptional initiation site, was compared with the equivalent sequence of P. aeruginosa (Duong et al., 1992) . Two regions of strong sequence similarity between these otherwise dissimilar sequences were identified, located around k10 and k35 nt from the transcriptional start point (Fig. 4b) . As shown in Fig. 4 (c), they bear some similarity to consensus sequences recognized by both primary and ECF (extracytoplasmic function) sigma factors (Wosten, 1998 ; Missiakis & Raina, 1998) . With regard to the upstream promoter motif, there is evidence that this may be located at k25\27 (Sexton et al., 1996) and hence two possible motifs are indicated (Fig. 4c) . We conclude that these regions are likely to be involved in promoter recognition, although it is not yet clear which type of σ(! factor is involved.
Regulation of aprX
Transcriptional regulation of aprX was investigated using nuclease S1 protection to quantify aprX mRNA levels (see Methods). The results clearly indicate that aprX mRNA levels are strongly repressed by iron (Fig.  5a ). This is not surprising since it seems likely that transcriptional repression occurs (albeit perhaps indirectly) via the iron-sensing Fur repressor (see Discussion).
A translational aprXh-hlacZ fusion within the chromosome was constructed by allele replacement (see Methods) and used to monitor aprX expression. Again strong repression of the fusion by iron was observed (Fig. 5b) , which is consistent with the results of the mRNA analysis (Fig. 5a ).
Regulation of a lipA'-'lacZ fusion
In view of the regulation of lipase by temperature as well as by iron, we have investigated the regulation of a chromosomal lipAh-hlacZ translational fusion, obtained by allele replacement (see Methods).
The results for the fusion strain, B52B, are presented together with those for lipase production in the parental strain, P. fluorescens B52, in parallel cultures grown at 17 mC and 27 mC (Fig. 6 ). In the case of cultures of B52 containing iron, the results (Fig. 6a, b) confirmed that lipase production is repressed by iron at both temperatures. β-Galactosidase synthesis in the fusion strain B52B is also repressed by iron (Fig. 6a, b) , consistent with repression at the mRNA level from the aprX promoter (see Fig. 5a ) ; this result strongly suggests that the lipAh-hlacZ fusion is regulated normally. The maximum levels of lipase, in the absence of repression, at 17 mC is sixfold higher than at 27 mC, demonstrating low-temperature regulation. However, β-galactosidase synthesis in strain B52B is not significantly increased at low temperature (Fig. 6) , indicating a mechanism of regulation other than at the level of transcriptional or translational initiation.
DISCUSSION
The aprX promoter has been identified by transcription mapping and by comparison of the 5h untranslated region of aprX with that from a relatively unrelated species, P. aeruginosa (Fig. 4) . The k10 and k27\35 regions show some similarity to those recognized by both primary and ECF sigma factors. It is possible that the PbrA sigma factor (Sexton et al., 1995) may be involved. PbrA shows significant sequence similarity to ECF sigma factors ; it is involved in the regulation of protease production in a phytopathogenic strain of P. fluorescens and it is regulated by the iron responsive Fur repressor (Sexton et al., 1995 ; Venturi et al., 1995) . This would be consistent with the apparent absence of Fur recognition sequences in the aprX promoter region (Fig. 4 and data not shown) . We have so far been unable to isolate pbrA insertion mutants of B52 in order to test this hypothesis. A possible role for the homologue of PbrA clearly merits further investigation, as does further characterization of the aprX promoter region. Both the aprX and lipA fusions are regulated by iron levels, as are the levels of mRNA initiated from the aprX promoter, consistent with regulation at the level of transcription from the aprX promoter.
Although the lipAh-hlacZ fusion strain is transcribed and regulated by iron regulation, it is not up-regulated by low temperature (Fig. 6 ). This evidence suggests that temperature regulation is not at the level of transcriptional nor translational initiation. A post-transcriptional mechanism at the level of mRNA stability is possible, although it is not immediately evident why this is not reflected in a lipAh-hlacZ fusion, which involves neither deletion nor replacement of DNA. It is possible that the lacZ-kan cassette affects the stability of the transcript (see Goldenberg et al., 1996) .
It has recently been reported that when lipase and the secretion genes from strain SIK W1 are independently expressed in E. coli, lipase production is abolished at β-Galactosidase and lipase activity were measured during growth until late stationary phase.
30 mC but is retained at 25 and 20 mC (Ahn et al., 1999) . It was suggested that the function of the secretory apparatus is compromised at the higher temperatures due to fluidity, or other structural changes, in the inner membrane. Since this was not observed when the homologous genes from P. aeruginosa were used, it was hypothesized that this reflected an adaptation of the P. fluorescens AprDEF proteins in a psychrotroph. This hypothesis is contradicted by the fact that protease, also exported using AprDEF (data not shown), is not lowtemperature regulated (Fig. 1) . We suggest that these results may be explained as a response to a temperature which is above the optimum temperature for growth of P. fluorescens. That is, one or more of the AprDEF gene products are misfolded at such temperatures. It would clearly be desirable to compare the temperature profile (Andersson, 1980 ; and see Fig. 1 ) of lipase secretion in P. fluorescens, using secretion systems from P. aeruginosa and P. fluorescens. An alternative model for low-temperature regulation proposes that the decay rate of the lipase-encoding segment of the polycistronic messenger varies with temperature. Differential segmental decay rates have been observed in the case of the puf operon, and furthermore, are subject to regulation by oxygen (Klug, 1991 ; Heck et al., 1996 ; Rauhut & Klug, 1999) . Stem-loop structures are known to influence mRNA decay and a number of these have been noted within the intergenic regions of the B52 operon (see Fig. 2 ). In summary, we present evidence that the contiguous genes aprX-inh-aprDEF-prtAB-lipA function as an operon, transcribed from the aprX promoter. The data are consistent with transcriptional regulation of the operon by iron but suggest that low temperature regulation of lipase is at the post-transcriptional level, possibly involving segmental regulation of mRNA decay rates. Finally, our results bear on the question of whether AprX is solely responsible for casein degradation in milk. Insertion mutations in aprX are not proteolytic on skimmed milk media (Liao & McCallus, 1998 ; Fig. 3 ) but since such mutations are polar with respect to lipA and therefore also prtAB, then PrtA and\or PrtB could potentially be involved in casein degradation, although involvement of PrtB has been directly excluded (see Results). However, the aprX : : pJPkan mutant can reasonably be expected to express prtAB, since the downstream lipA gene is expressed (see above and Results) ; since this strain is not proteolytic on skimmed milk media, we conclude that AprX is indeed solely involved.
